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High rates of volcano surface deformation can be indicative of a forthcoming eruption, but can also 
relate to slope instability and possible flank collapse. Tungurahua volcano, Ecuador, has been persistently 
active since 1999 and has previously experienced catastrophic flank failures. During the ongoing eruptive 
activity, significant surface deformation has been observed, with the highest rates contained within the 
amphitheatre-shaped scar from the 3000-year-old failure on the west flank. However, the cause of this 
asymmetric deformation and how it might relate to slope stability has not been assessed. Here, for 
the first time, we present a range of models to test physical processes that might produce asymmetric 
deformation, which are then applied to slope stability. Our models are informed by InSAR measurements 
of a deformation episode in November 2015, which show a maximum displacement of ∼3.5 cm over a 
period of ∼3 weeks, during which time the volcano also experienced multiple explosions and heightened 
seismicity. Asymmetric flank material properties, from the rebuilding of the cone, cannot explain the full 
magnitude and spatial footprint of the observed west flank deformation. The inflation is inferred to be 
primarily caused by shallow, short-term, pre-eruptive magma storage that preferentially exploits the 3 
ka flank collapse surface. Shallow and rapid pressurization from this inclined deformation source can 
generate shear stress along the collapse surface, which increases with greater volumes of magma. This 
may contribute to slope instability during future unrest episodes and promote flank failure, with general 
application to other volcanoes worldwide displaying asymmetric deformation patterns.
© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/).1. Introduction
Magma transport and storage have important implications for 
volcanic hazards (Sparks and Cashman, 2017), particularly for vol-
canoes with a history of flank collapse, where pre-existing struc-
tural discontinuities may contribute to inherent instability and act 
as preferential pathways for magma/fluid migration (Donnadieu 
et al., 2001; Schaefer et al., 2013; Tibaldi, 1996). Constraints on 
magma storage and transport can be obtained from analysis of 
deformation data during volcanic unrest episodes (e.g., Hickey et 
al., 2017; 2016; Lloyd et al., 2018; Sigmundsson et al., 2014), and 
geodetic data can also be used to monitor slope stability and iden-
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al., 2017; Tridon et al., 2016). Analyses of shallow magma trans-
port and storage are shown to promote flank instability and cause 
localised surface deformation (Donnadieu et al., 2001; Schaefer et 
al., 2017; 2013; Siebert, 1984). We use Interferometric Synthetic 
Aperture Radar (InSAR) deformation data to investigate a rapid 
and localised, co-eruptive inflation episode at Tungurahua volcano, 
Ecuador, in November 2015.
Tungurahua (5023 m asl, above sea level) is a steep stratovol-
cano in the Eastern Cordillera of the Ecuadorian Andes (Fig. 1) 
and has been frequently active since 1999, displaying Strombolian 
to sub-Plinain explosive activity interspersed with periods of qui-
escence (Hidalgo et al., 2015; Mothes et al., 2015). The present 
edifice of Tungurahua (Tungurahua III), with over 3000 m of relief 
and slope angles greater than 30◦ , is built upon the remnants of 
two former cones (Tungurahua I and II) that each subsequently 
collapsed (Hall et al., 1999). The most recent collapse occurred 
3000 years ago and directed an 8 km3 debris avalanche to the le under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
2 J. Hickey et al. / Earth and Planetary Science Letters 534 (2020) 116104Fig. 1. Map of Tungurahua volcano. The dashed blue line indicates the scar of the 
3 ka flank collapse (Hall et al., 1999), and the blue diamond is the summit vent. 
Coloured, transparent shapes indicate the footprints of deformation episodes: 2007-
2008 (green, Fournier et al., 2010), 2007-2008 (red, Biggs et al., 2010), 2007-2011 
(pink, Morales-Rivera et al., 2016), 2012-2013 (yellow, Muller et al., 2018) and 
November 2015 (blue, this study). GPS and tilt stations are shown by white tri-
angles, and red squares, respectively. The dashed black line is the projection of the 
cross-sections shown in Fig. 5. (For interpretation of the colours in the figure(s), the 
reader is referred to the web version of this article.)
west that travelled 15 km (into drainages in the north-west and 
south-west) and covered 80 km2, leaving a 110◦ wide amphithe-
atre collapse scar (Hall et al., 1999). A lahar immediately followed 
the debris avalanche, likely due to dewatering of the avalanche 
deposits or melting of small summit glaciers. Scoria bombs with 
cooling fractures in the lahar deposits imply the initial collapse 
was triggered, or accompanied, by an eruption (Hall et al., 1999). 
Subsequent dacitic lava flows extruded from within the collapse 
scar may further allude to the intrusion of viscous magma, possi-
bly as a cryptodome, as the trigger for the collapse event (Hall et 
al., 1999). Continued eruptive activity has since rebuilt the cone, 
and the amphitheatre has been backfilled with 3 km3 of unconsol-
idated material (Molina et al., 2005), overlying the 3 ka unconsoli-
dated avalanche debris.
Geophysical and geochemical monitoring of Tungurahua is con-
ducted by the Instituto Geofísico de la Escuela Politécnica Nacional 
(IG-EPN), who maintain seismic, infrasound, GPS and tiltmeter net-
works, as well as EDM (electronic distance measurement) lines 
and gas flux observations with DOAS (differential optical absorp-
tion spectroscopy) and FTIR (Fourier transform infrared spectrom-
etry) (Alvarado et al., 2018). SO2 measurements generally correlate 
with eruptive activity; 95% of emissions in the period 2007 – 2013 
occurred during active phases, with the remaining 5% during qui-
escent periods (Hidalgo et al., 2015). Seismicity at Tungurahua is 
mostly dominated by long-period (LP) events (Bell et al., 2018; 
Palacios et al., 2015), which have been proposed to occur due to 
coupled magma and gas ascent (Bell et al., 2017), resonance of an 
ash-laden gas in the conduit (Molina et al., 2004), or variations 
in magma ascent rate and conduit stick-slip behaviour (Neuberg 
et al., 2018). Volcano-tectonic (VT) seismicity is rare, with small 
events sometimes occurring prior to increased rates of LP’s before 
the start of new explosive activity (Bell et al., 2017), and most of-
ten detected beneath the west flank (Palacios et al., 2015).Surface deformation at Tungurahua is observed over a range 
of length and timescales (Biggs et al., 2010; Champenois et al., 
2014; Fournier et al., 2010; Morales-Rivera et al., 2016; Muller 
et al., 2018, Table 1). At the smallest spatial scale (< 2 km), 
high-amplitude near-vent tilt cycles have been detected and are 
thought to be caused by shear stress in the conduit due to vis-
cous magma flow resistance (Marsden et al., 2019; Neuberg et 
al., 2018). Separate large-scale deformation has been detected us-
ing GPS and InSAR (Champenois et al., 2014; Muller et al., 2018). 
Between 2003 and 2009, Champenois et al. (2014) observe a long-
term 50 km wide deformation footprint with Envisat InSAR data; 
their preferred model for this period of uplift is a spherical source 
at a depth of 11.5 km bsl (below sea level) with a volume in-
crease rate of 7 × 106 m3/yr. Using combined GPS and TerraSar-X 
InSAR data for 2011 – 2014, Muller et al. (2018) observe edifice-
wide uplift and model the deformation using a slightly dipping 
prolate shaped source at a depth of 7.4 km below average eleva-
tion (∼5 km bsl) with a volume increase rate of 2 × 106 m3/yr. 
Interestingly, at the small-medium spatial scale, surface deforma-
tion at Tungurahua is concentrated within the 3 ka flank collapse 
scar (Fig. 1), and between the continuous GPS network (Ebmeier et 
al., 2018). Numerous InSAR studies have detected this uplift pat-
tern over timescales of months to years (Table 1), which has been 
modelled and interpreted as shallow magma intrusion or storage 
beneath the west flank, often preceding or accompanying an erup-
tion (Biggs et al., 2010; Fournier et al., 2010; Morales-Rivera et al., 
2016; Muller et al., 2018). It is unknown how the inferred presence 
of shallow magma may relate to the stability of the west flank, 
especially since this is also the site of unconsolidated material 
and high-frequency seismicity, and magmatic activity is inferred 
to have contributed to a previous collapse.
In this study, we similarly detect a period of uplift on the west 
flank of Tungurahua, coincident with an eruptive phase, but pro-
vide significantly better time constraints than previously available. 
We present new models of the deformation using Finite Element 
Analysis (FEA) to test different physical mechanisms which may 
promote asymmetric (west-flank) displacement. Model results are 
used to constrain a source model and provide the first assessments 
of the implications of shallow pressurization on the evolution of 
slope stability.
2. Surface deformation
We use SAR (Synthetic Aperture Radar) data from two satel-
lite systems, Sentinel-1 (S1) and COSMO-SkyMed (CSK), employing 
both ascending and descending viewing angles from April 2015 to 
February 2016 to produce 47 interferograms.
S1 TOPS (Terrain Observation by Progressive Scans) data (as-
cending path 18 and descending path 142) were processed using 
GAMMA (Werner et al., 2000). Topographic phase contributions 
were removed using 1-arc-second SRTM (Shuttle Radar Topography 
Mission) digital elevation model (DEM) data (30 m resolution), we 
filtered the interferograms using an adaptive filter with strength 
0.4, and unwrapped using a minimum cost flow (MCF) algorithm 
with pixels of coherence less than 0.35 masked out.
CSK spotlight data (ascending and descending) were processed 
using ISCE (InSAR Scientific Computing Environment) (Rosen et al., 
2012). Topographic phase contributions were removed using 30 m 
SRTM DEM data, we filtered the interferograms using a power-
spectral filter with strength 0.4, and unwrapped using a MCF al-
gorithm.
Interferograms were corrected for atmospheric effects using 
TRAIN (Toolbox for Reducing Atmospheric InSAR Noise) (Bekaert 
et al., 2015a). We use a phase-based linear tropospheric correc-
tion due to the unavailability of reliable atmospheric data that 
would enable more complex atmospheric corrections (e.g., Bekaert 
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Table 1
Summary of west flank deformation observations at Tungurahua volcano using InSAR. asl = above sea level; LOS = line-of-sight.
Study Observation period Uplift information Source model Interpretation
Biggs et al., 2010 Dec 2007 – Mar 
2008 (3 months).
Max. 17.5 cm, 
mostly vertical, 
∼4 km footprint.
Shallow-dipping, 
5.6 km long sill 
beneath west flank; 
depth = ∼3 km 
asl; volume change 
= 1.2 × 106 m3.
Edifice growth by 
co-eruptive 
magmatic intrusion.
Fournier et al., 2010 Dec 2007 – May 
2008 (5 months).
Max. 12 cm in LOS. Shallow dyke, 
∼7 km long 
beneath west flank, 
extending from 100 
– 500 m depth.
Dyke intrusion.
Morales-Rivera et al., 2016 2007 – 2010 (∼3 
years).
Max. 21.6 ± 1.8 cm 
in LOS. Max. LOS 
uplift rate is 
34.7 ± 1.8 cm/yr 
for Dec 2007 – May 
2008.
Dual sources 
beneath west flank. 
Upper flank: 
shallow ellipse, 
elongated E-W; 
depth = 2.4 km asl. 
Lower flank: larger 
sill, elongated 
NE-SW; depth =
0.0 km asl.
Shallow 
pre-eruptive 
magma storage.
Muller et al., 2018 Nov 2012 – May 
2013 (6 months)
Max. 2 cm in LOS, 
average rate of 
4 cm/yr, ∼4 km 
footprint.
N/A. Magma intrusion 
exploiting flank 
infill structural 
weakness.
This study 3rd – 27th Nov 
2015 (∼3 weeks)
Max. ∼3.5 cm in 
LOS, mostly 
vertical, ∼5 km 
footprint, max. LOS 
uplift rate 
∼48 cm/yr.
Shallow-dipping, 
6 km long cigar 
shape beneath west 
flank; depth =
∼2 km asl; volume 
change =
∼2×105 m3.
Shallow, temporary 
magma storage.et al., 2015b). The linear correction consistently removes atmo-
spheric effects that are correlated with topography (Supplemen-
tary Figure 1), a common issue for InSAR processing in this region 
(Ebmeier et al., 2013; Morales-Rivera et al., 2016).
Inspection of the interferograms highlights a period of defor-
mation in November 2015. Interferograms preceding and following 
this period show no deformation. Owing to the short duration of 
deformation, it is only captured in 8 individual interferograms (one 
CSK descending, one CSK ascending, two S1 ascending, and four 
S1 descending). Accounting for overlap in the acquisition dates 
across the two sensors and both viewing angles, the deformation 
period can be constrained to between the 3rd and 27th of Novem-
ber 2015 and independently viewed in 4 interferograms (one for 
each sensor and viewing geometry, Fig. 2). We are able to provide 
significantly improved temporal constraints on the deformation pe-
riod compared to earlier studies due to the use of new satellites, 
indicating that the deformation is much faster than previously con-
sidered (e.g., Table 1). The data show a region of uplift on the west 
flank with maximum amplitudes in the satellite line-of-sight (LOS) 
of ∼3-4 cm, depending on viewing geometry and sensor.
Owing to the near-contemporaneous acquisition of both as-
cending and descending data for both CSK and S1 sensors, the LOS 
deformation can be decomposed into east-west and up-down (ver-
tical) components (Fig. 2), using the assumption the north-south 
displacement is negligible due to the poor satellite sensitivity in 
this direction (e.g., Lloyd et al., 2018; Wright et al., 2004). De-
composition indicates that the majority of the observed uplift can 
be explained by vertical movement, with negligible contributions 
in the east-west direction. A similar observation was found for 
the deformation period between December 2007 and March 2008 
(Biggs et al., 2010). For the current period of study (November, 
2015), the deformation footprint is elongated in the east-west di-rection to a maximum footprint of ∼5 km, and the corresponding 
maximum LOS uplift rate is equivalent to ∼48 cm/yr.
Coincident with the observed deformation, the volcano was in 
an eruptive phase. Throughout November 2015 there were a num-
ber of explosions, with ash columns rising between 1.5 and 4.5 
km above the vent, and several secondary lahars. During this pe-
riod there was also a pronounced increase in VT seismicity (Sup-
plementary Figure 2), but these events have not been spatially 
located. Activity since 2015 has declined with the last recorded 
eruptions in 2016, and only minor seismic and fumarolic behaviour 
recorded in 2017. No new deformation events on the west flank 
have been reported.
3. Numerical modelling
To model and analyse the observed surface deformation we 
use Finite Element Analysis (FEA) with COMSOL Multiphysics v5.3. 
We focus on two possible mechanisms to explain the asymmetric 
west-flank deformation: heterogeneous subsurface material prop-
erties with a central deformation (pressure) source, or heteroge-
neous subsurface material properties with a deformation source 
directly beneath the west flank (Fig. 3). The former is based on 
the evidence for weak unconsolidated material infilling the 3 ka 
flank collapse scar (Molina et al., 2005), which may serve to am-
plify deformation on that flank from a deeper central deformation 
source (Fig. 3a), as weaker materials are known to enhance sur-
face deformation (e.g., Hickey et al., 2013; Masterlark, 2007). The 
latter is based on previous modelling results for similar deforma-
tion patterns at Tungurahua (Table 1), but here we also account 
for known subsurface heterogeneity and surface topography which 
have previously been neglected (Fig. 3b). Alternative mechanisms 
have also been suggested to produce asymmetric volcanic surface 
deformation from observations of large seaward displacements in 
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Fig. 2. InSAR deformation observations. (A) Unwrapped CSK descending interferogram. (B) Unwrapped CSK ascending interferogram. Ascending and descending CSK interfero-
grams can be decomposed into (C) east-west and (D) vertical deformation. (E)-(F) Same as (A)-(D) but for Sentinel-1 data. Both sensors show satellite line-of-sight uplift on 
the west flank, predominantly composed of vertical displacement. Inset numbered arrows (on A, B, E, and F) show the average satellite headings (−168◦/−12◦) and incidence 
angles (44-48◦).Fig. 3. Possible mechanisms and displacement vectors for west-flank deformation. 
(A) Weak clastic materials infilling the west flank collapse scar amplify deformation 
asymmetrically from a central, deeper, deformation source. (B) A shallow deforma-
tion source beneath the west-flank produces localised surface deformation.
basaltic ocean island settings, based on slow slip along a shallow 
detachment fault (Tridon et al., 2016) or sheared sheet intrusions 
(Cayol et al., 2014). However, we can discount these mechanisms 
at Tungurahua due to the lack of significant observed horizontal 
displacement (Fig. 2).
3.1. Model setup
Model boundary and initial conditions are adapted to a three-
dimensional (3D) geometry from the benchmarked models of 
Hickey and Gottsmann (2014). The deformation source is repre-
sented as a tri-axial spheroidal cavity, the surface is generated 
from a SRTM 30 m DEM, and the west flank is given a sepa-
rate model domain (Fig. 4). The 3D geometry of the west flank 
domain is constrained from the surface expression of the 3 ka col-
lapse (Hall et al., 1999) and extended to a depth of 2 km asl, as Fig. 4. Finite Element Analysis model geometry and boundary conditions. A pres-
surised cavity is used to represent the deformation source and a bordering infinite 
element domain prevents boundary effects. Roller conditions are assigned to all lat-
eral boundaries, and a fixed constraint is applied to the base of the model. The top 
surface is free to deform. The west flank has a separate model domain in order to 
assign different material properties. The geometry is meshed with ∼210,000 tetra-
hedral elements, with greater mesh density around the source and surface.
identified in seismic P-wave imaging (Molina et al., 2005). Het-
erogeneous elastic material properties (varying with depth) are 
calculated from seismic P-wave velocities (Molina et al., 2005) by 
converting to a dynamic Young’s Modulus, and then scaling to 
a static Young’s Modulus, using a conservative scaling factor of 
2 (e.g., Gudmundsson, 2011; Hickey et al., 2017; 2016). The re-
sultant values are within the expected range for volcanic regions 
(Gudmundsson, 2011), with the main model domain increasing 
from ∼5 GPa at the surface to ∼42 GPa at 20 km bsl, and the 
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Fig. 5. Comparing heterogeneous and homogeneous models 294 deformation source variations. (A) We extract a north-south cross-section (projection shown in Fig. 1) from 
the heterogeneous and homogeneous models that cuts through the west flank, and normalise the modelled vertical uplift to the maximum value for each profile. We plot the 
difference between the normalised vertical deformation profiles, which shows the change in uplift shape between the heterogeneous and homogeneous models. The greatest 
variation in uplift shape coincides with the west flank. Black line shows topographical elevation along the profile. (B) Box-and-whisker plot showing the range for each of 
the coloured lines in (A). The mean range is ∼0.1, indicating an average change of ∼10% in the uplift shape due to the weaker west flank material.west flank domain increasing from ∼5 GPa at the surface to ∼7 
GPa at 2 km asl (Supplementary Figure 3). For comparison in the 
modelling approach, the heterogeneous depth-dependent Young’s 
Modulus profile is also used to calculate a representative homoge-
neous Young’s Modulus of ∼31 GPa (Supplementary Figure 3). In 
all models, a homogeneous value of 0.25 is assumed for the Pois-
son’s Ratio. A number of volcano deformation studies also include 
the effect of viscoelastic material parameters to account for ele-
vated deep source temperatures and/or time-dependent displace-
ment (e.g., Hickey et al., 2016), but we omit this complexity due 
to the lack of temporal resolution in our data and the high proba-
bility of a shallow source above the brittle-ductile transition (e.g., 
Table 1).
3.2. Modelling approach
To test if material properties have a strong influence on the 
observed west flank deformation (Fig. 3a), we run a series of for-
ward models comparing heterogeneous and homogeneous subsur-
face conditions, using a roughly centrally-located buried pressure 
source. The source has three equal axes of 1500 m (i.e., spherical), 
a pressure of 1 MPa, varies in horizontal location (longitude and 
latitude) up to ±3 km from the vent, and has a central depth be-
tween 0 and 5 km bsl, which produces a 3D grid of 294 source 
locations. These parameters are chosen to be representative of any 
possible deep, central, deformation source. The predicted surface 
displacements in the heterogeneous and homogeneous models are 
compared for the 294 different source locations. The heteroge-
neous model accounts for depth-dependent variations in Young’s 
Modulus in both the main model and west flank domains (Supple-
mentary Figure 3). The homogeneous model has the same constant 
value of Young’s modulus in both domains.
To investigate a possible deformation source beneath the west-
flank (Fig. 3b) we run a series of FEA inversions solving for the 
optimum source parameters in a heterogeneous model, adapting 
the approach of Hickey et al. (2016) to identify the cumulative 
global minimum misfit to all four interferograms simultaneously. 
The optimised source parameters are the three axes lengths of the 
tri-axial spheroid, the horizontal and vertical location, dip angle, 
and pressure. Strike is kept constant to reflect the dominant east-
west deformation footprint, and as informed by previous studies 
(Table 1). In the inversions, model results are projected into the 
appropriate satellite LOS for comparison with the range of InSAR 
data. The initial starting point for the succession of inversions was 
based on solution of Biggs et al. (2010) for the 2007 – 2008 data, and sequentially reduced the size of the parameter search grid 
from one optimisation to the next using the solution of one inver-
sion as the starting point of the next inversion. This process was 
stopped when the model residual could no longer be minimised 
and ensures a robust solution (Hickey et al., 2016). Alternative 
starting points were also tested, as well as a number of Monte 
Carlo simulations, but they did not produce better solutions.
4. Results and discussion
4.1. Effect of west-flank heterogeneity
To assess the influence of west flank heterogeneity on produc-
ing asymmetric surface inflation at Tungurahua, we compare de-
formation models that have homogeneous or heterogeneous sub-
surface structures. We extract a north-south cross-section from 
the models that cuts through the west flank, and normalise the 
modelled vertical uplift to the maximum value for each profile 
(Supplementary Figure 4). By calculating the difference between 
the heterogeneous and homogeneous normalised profiles for each 
of the different source locations, it is clear that the greatest vari-
ability in the shape of the modelled uplift patterns occurs over the 
west flank (Fig. 5). This indicates that the weak material (lower 
Young’s Modulus) infilling the west flank’s scar can change the 
shape of the modelled deformation. However, the amplitude of the 
change is small; it can only account for a ∼10% variation in up-
lift shape (Fig. 5), and this is not sufficient to explain the observed 
asymmetric deformation in this study (Fig. 2), or those previous 
(Table 1).
We test this result further by simulating two possible end-
member models. In these scenarios, the west flank has a lower 
limit Young’s Modulus of 0.1 GPa or an upper limit Young’s Modu-
lus of 10 GPa. The difference between the modelled vertical uplift 
is ∼0.13 cm (over a maximum value of ∼1.4 cm). These results in-
dicate that the weak material infilling the west-flank collapse scar 
plays a very minor role in producing asymmetric deformation at 
Tungurahua. This is due to the small volume of material within 
the west flank compared to the total volume of material that the 
stress from the deformation source passes through; therefore, it 
only produces a minor amplification effect.
The footprint of the altered deformation pattern induced by the 
weak flank material is also larger than the footprint of the ob-
served deformation. This could provide further evidence that the 
west flank material is not the primary cause of asymmetric de-
formation at Tungurahua. However, there is also the possibility 
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Fig. 6. Optimum deformation source model results. (A) Observed CSK ascending InSAR data. (B) Model results translated into the CSK ascending satellite line of sight. (C) 
Residual difference between CSK ascending data and model.Table 2
Optimum deformation model source parameters. 
Longitude, latitude and depth refers to the centre of 
the deformation source.
Parameter Value
Longitude [◦] −78.468 ± 0.0015
Latitude [◦] −1.4653 ± 0.0003
Depth [m asl] 2079 ± 179
X-Dimension [m] 3006 ± 177
Y-Dimension [m] 302 ± 10
Z-Dimension [m] 178 ± 40
Overpressure [MPa] 1.17 ± 0.24
Dip [◦] −7.11 ± 5.84
of smaller-scale heterogeneity within the west-flank that we do 
not capture in our model (where the west-flank is described by 
constant material parameters). High-resolution geophysical imag-
ing may be able to distinguish such variations (e.g., Finn et al., 
2001). Enhanced geophysical imaging may also better delineate the 
spatial extents of the west-flank infill and could indicate a deeper 
base than currently considered; this would increase the volume of 
the weakened material and the deformation amplification effect. 
Regardless of these possibilities, in the current context, we have 
provided the first results to show that the heterogeneity of the 
west-flank cannot explain the observed asymmetric deformation 
at Tungurahua.
4.2. Optimum deformation source model and shallow magma storage
To assess the possibility of a deformation source directly be-
neath the west flank as the primary cause for asymmetric surface 
inflation we invert our data for an optimum source model. The fi-
nal best-fit source has a cigar-like shape and is oriented east-west 
with a shallow dip, centred at a depth of ∼2 km asl, and located 
beneath the west flank (Table 2 and Fig. 6). The modelled over-
pressure of ∼1.2 MPa is equivalent to a volume change of ∼2×105
m3, and a volume change rate of ∼3×106 m3/yr. Source parame-
ter uncertainties were calculated using plus-or-minus one standard 
deviation from the optimum values, after removing outliers. Out-
liers were determined using a cut-off residual misfit value of two 
standard deviations greater than the minimum (optimum) residual.
The optimum deformation source model produces a broadly 
good fit to the InSAR data (Fig. 6 and Supplementary Figure 5) 
and indicates shallow pressurisation beneath the west flank. The 
parameters are similar to those that have been proposed for pre-
vious deformation episodes (Biggs et al., 2010; Morales-Rivera et Fig. 7. Scaled cross-section through the centre of the optimum deformation source 
with modelled vertical deformation. The dashed line shows the 3 ka collapse surface 
(Molina et al., 2005). Given the uncertainties in defining the depth of the collapse 
surface, in reality the deformation source might be exploiting the weakness of the 
collapse surface rather than sitting directly beneath it.
al., 2016), suggesting that the same source has been repeatedly ac-
tive, however, we are able to better constrain the timeframe upon 
which source processes may occur due to our significantly shorter 
observation period (∼3 weeks, Table 1). In the model, the top of 
the deformation source sits just beneath the bottom of the west-
flank domain (Fig. 7). Given the uncertainty in the seismic imaging 
data used to constrain the modelled geometry of the west-flank 
(Molina et al., 2005), in reality, the deformation source might ac-
tually be exploiting the basal collapse surface and therefore pro-
viding a new constraint on the depth and dip of that surface. The 
modelled source is also at the rough depth of the interface be-
tween the Paleozoic–Cretaceous regional metamorphic basement 
and the Tungurahua volcanics (Hall et al., 1999; Molina et al., 
2005).
The nature of the deformation source can be constrained us-
ing simultaneous observations. Given the volcano was in an erup-
tive phase during this deformation event, it is probable that the 
deformation source represents a site of shallow, short-term, pre-
eruptive magma storage (Muller et al., 2018). The cigar like shape 
is possibly the result of a transition from a dyke, transporting 
magma from deeper within the crust, to a conduit, transporting 
magma to the surface where it can erupt. Short-term pressurisa-
tion (on the order of weeks), and thus surface deformation, re-
flects a temporary volumetric imbalance between magma inflow 
and outflow, and also likely causes the associated increase in VT 
seismicity noted during the same period (Supplementary Figure 2). 
The rapid pressurisation and deformation will have further impli-
cations for material failure, as the stress will accumulate over a 
short period, producing high stress and strain rates, and reducing 
the opportunity for stress to dissipate over time.
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and deflation also has not been recorded after previous inflation 
episodes (Table 1). The lack of observed subsidence may indi-
cate that the deformation of the shallow crust is non-elastic (e.g., 
elasto-plastic), and/or that a proportion of the intruded magma is 
still in-situ and contributing to continued growth of the edifice 
(e.g., Biggs et al., 2010).
The potential for shallow magma storage has previously been 
suggested at Tungurahua from melt inclusion studies, indicating 
depths between ∼4.2 and ∼1.9 km beneath the summit, or ∼0.8 
– ∼3.1 km asl (Myers et al., 2014), consistent with the ∼2 km asl 
result from our models (Table 2). To assess the short-term nature 
of the shallow magma storage, a diffusion chronometry study on 
eruptive products following a future co- or pre-eruptive west-flank 
inflation might indicate possible residence times (e.g., Druitt et al., 
2012) and shed further light on storage conditions. As explored 
later, there is an emerging picture of vertically-extensive magma 
storage at Tungurahua volcano.
To compare our modelled volume change (∼2×105 m3) to 
magmatic volumes we must account for magma compressibility 
(McCormick Kilbride et al., 2016). Accordingly, the ratio of erupted 
volume (Ve) to modelled volume change (V) is:
Ve
V
= 1+ βm
βc
where βc is chamber compressibility and βm is magma compress-
ibility (McCormick Kilbride et al., 2016). For a first-order estimate, 
our chamber compressibility is calculated as 1.7 ×10−7 Pa−1 using 
results from Anderson and Segall (2011) for a vertical pipe (as an 
analogue for our cigar-shaped reservoir, which can be thought of 
as a rotated vertical pipe), and magma compressibility is between 
1.5 × 10−10 and 2.5 × 10−10 Pa−1 (Muller et al., 2018). This pro-
duces a ratio, Ve/V, of 1.9 to 2.5, so our modelled volume change 
(∼2 ×105 m3) predicts an erupted volume of 3.8 ×105 – 5.0 ×105
m3. Erupted volume estimates for just the period of study, Novem-
ber 2015, are not available. From September to December 2015 
there was 1.1 × 106 m3 of dense rock equivalent (DRE) ash-fall 
volume recorded, but this does not account for any possible bal-
listics or pyroclastic density current (PDC) deposits, and we do not 
see other deformation episodes in this window. The lack of fur-
ther constraints makes comparing the longer-term erupted volume 
(1.1 ×106 m3) to our predicted volumes (3.8 ×105 – 5.0 ×105 m3) 
difficult. However, if we take the most basic assumption of equal 
erupted volumes for each of the months from September to De-
cember, there would be ∼2.75 × 105 m3 DRE ash-fall volume for 
November 2015. Assuming the PDC and ballistic erupted volumes 
over the same period are considerably smaller than the erupted 
volume of ash would suggest that some intruded magma remains 
in the shallow crust. This would be consistent with the lack of ob-
served subsidence following the uplift and eruption.
4.3. West-flank stability
The extent to which shallow magma storage and rapid source 
pressurisation might influence flank stability warrants further in-
vestigation given the previous flank collapses, observed deforma-
tion and seismicity, assumed weak infill material, ongoing erup-
tive activity, structural discontinuity, steep slopes, and the hazard 
posed by a possible future collapse event. For a first analysis we 
apply our optimum deformation source parameters in a series of 
forward models, where the source overpressure is increased from 
1 MPa to 100 MPa, simulating the intrusion (or storage) of in-
creasingly large volumes of magma (Fig. 8). Magma pressures up 
to 100 MPa are investigated to gain a full understanding of model 
behaviour, and to include the possibility of large excess pressures Fig. 8. Mechanical effects of shallow, subsurface pressurisation beneath the west 
flank. (A) Shear stress along the 3 ka flank collapse surface when simulating the 
intrusion of increasing volumes of magma, using the optimum deformation source 
model with a mounting overpressure. Increasing shear stress may promote flank in-
stability. (B) Maximum vertical deformation on the surface for the same simulations. 
Insets show clustered data points for pressures of 1 – 5 MPa.
prior to failure (e.g., Grosfils, 2007). Results show how the shear 
stress along the 3 ka collapse surface linearly increases with pres-
sure, up to a maximum of ∼26 MPa. Interestingly, the single de-
formation source produces two lobes of enhanced shear stress on 
the collapse surface, with the maximum shear stress at the centre 
of the lobes, and the lobes located adjacent to the point directly 
above the source. Increases in shear stress are known to develop 
shear zones and promote flank instability (e.g., Donnadieu et al., 
2001; Schaefer et al., 2013), but a range of values that may trigger 
collapse are unknown due to the dependence on a variety of other 
intrinsic and extrinsic factors (e.g., Donnadieu et al., 2001; Siebert, 
1984; van Wyk de Vries and Delcamp, 2015). An additional factor 
may arise due to the observed rapid pressurisation of the magma 
source (section 4.2), which reduces the opportunity for accumu-
lated stress to be dissipated and produces higher strain rates; both 
are more likely to promote material failure.
The linear relationship between source pressure and shear 
stress (Fig. 8) reflects the use of a linear elastic rheology, how-
ever, if suitable estimates for mechanical material parameters were 
available an elasto-plastic rheology might be more appropriate 
(e.g., Schaefer et al., 2013) and would likely cause shear stress to 
increase non-linearly with source pressure after a yield stress is 
exceeded. Furthermore, the repeated deformation of the west flank 
(Table 1) may contribute to cyclic stressing of the flank materials 
which can lead to a reduction in Young’s Modulus (Heap et al., 
2009), and might promote elasto-plastic behaviour at lower yield 
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tion of non-elastic deformation can be caused by hydrothermal al-
teration; a recent study of tilt variations suggests the deformation 
modulus (strongly related to Young’s Modulus) for Tungurahua’s 
edifice is on the order of 10’s of MPa due to the combined effects 
of alteration, fracturing and porosity (Marsden et al., 2019). These 
values are two orders of magnitude lower than those used in our 
current study, and if accurate, would imply the observed InSAR 
deformation could be reproduced with a lower deformation source 
overpressure than used here, and as such, the shear stress gener-
ated on the 3 ka collapse surface would also be reduced. However, 
such low values of Young’s Modulus have not been demonstrated 
in laboratory or seismic experiments.
It has previously been suggested that the 3 ka flank collapse 
at Tungurahua might have been triggered by a cryptodome intru-
sion (Hall et al., 1999), similar to Mt. St. Helens (MSH) in 1980. The 
MSH collapse was preceded by a large bulge on the side of the vol-
cano and significant flank over-steepening. Intuitively, one might 
expect shallow magma intrusion or storage to also cause a steep-
ening of a volcano’s flank. Our models indicate this effect is minor 
(maximum angle change < 1◦) for the scenarios we test using the 
optimum deformation source parameters and a range of overpres-
sures (1 – 100 MPa). However, if the source region was shallower 
(i.e., closer to the flank surface and within the weak, clastic in-
fill material) or oriented more vertically (e.g., related to a conduit) 
the steepening effect would likely be much greater. This scenario 
might be accompanied by an increase in rock-fall events due to 
the unconsolidated eruptive deposits making up the west flank, 
allowing for additional monitoring via seismic and infrasound tech-
niques.
The extent to which the modelled magmatic source from this 
study could develop into a cryptodome promoting flank failure 
(similar to the 3 ka event) is unknown, but continued flank de-
formation monitoring (GPS, InSAR, tilt and EDM) will provide ad-
ditional clues. InSAR in particular is a vital tool in this regard, 
given its ability to remotely measure deformation at a large num-
ber of the world’s volcanoes over a range of spatial footprints. 
We have demonstrated the link between flank deformation and 
potential instability at Tungurahua, but our approach is easily ap-
plicable to other volcanoes displaying asymmetric or offset defor-
mation patterns (e.g., Arenal, Villarica, Cerro Aquihuato, Puyehue-
Cordon Caulle; Ebmeier et al., 2018). The increasing detection of 
such signals demonstrates that the underlying processes could be 
widespread and effort should be continued to understand the driv-
ing forces.
In addition to magmatic scenarios, there are a number of other 
triggers and priming factors for flank collapse that are applica-
ble for Tungurahua. These include large tectonic earthquakes, hy-
drological conditions, hydrothermal alteration, gravitational-driven 
creep, structural geology, and edifice stratigraphy (Donnadieu et 
al., 2001; Finn et al., 2001; Schaefer et al., 2013; Siebert, 1984; 
van Wyk de Vries and Delcamp, 2015). A full geotechnical analy-
sis of the interplay between these factors is recommended to fully 
classify the west flank slope stability and possible hazard at Tungu-
rahua; especially given the implications of a future collapse could 
be severe, with several communities now situated in the runout 
from the 3 ka event.
4.4. Vertically-extensive magma storage
Our results highlight the presence and implications of shallow 
(∼2 km asl) magma storage at Tungurahua, and are backed up by 
petrological melt inclusion studies (Myers et al., 2014). Previous 
large-scale deformation studies have highlighted magmatic defor-
mation sources at depths of 11.5 km bsl (Champenois et al., 2014) 
and 5 km bsl (Muller et al., 2018), broadly consistent with other petrological analyses (Andújar et al., 2017; Samaniego et al., 2011). 
This range of observations as a whole indicates vertically-extensive 
magma storage (Cashman et al., 2017), where dynamic mass trans-
fer between different levels of magmatic storage can cause unrest 
episodes and trigger eruptions (Sparks and Cashman, 2017). At the 
shallowest level where we focus our study (∼2 km asl), we iden-
tify a possible site of shallow, transient, magma storage at the 
transition between an eruption-feeding conduit and a dyke (maybe 
from the 5 km bsl source), preferentially exploiting the collapse 
surface as a zone of weakness. However, it has been proposed that 
in a trans-crustal or vertically-extensive magmatic system volcanic 
surface deformation may be primarily caused by volatile exsolu-
tion and expansion (Sparks and Cashman, 2017). In this scenario, 
the shallow deformation source we infer might represent a region 
of volatile accumulation from reorganization of the deeper plumb-
ing system as it feeds the coincident eruptions. We consider these 
two interpretations as possible end-members with a number of 
hybrid models existing between them, but currently favour a pre-
dominantly magmatic source due to the ongoing eruptive activity. 
Continued geophysical imaging and monitoring will be required to 
fully understand the dynamics beneath Tungurahua’s west flank, 
and their implications for slope instability.
5. Conclusions
We observe rapid and localised surface inflation on the west 
flank of Tungurahua volcano, coincident with an increase in erup-
tive activity and VT seismicity, in November 2015. A previous (3 
ka) flank collapse and recent periods of inflation in this locality in-
dicate dynamic subsurface processes are contributing to frequent 
unrest and possible instability. We model our observed deforma-
tion using Finite Element Analysis to test different mechanisms 
causing the asymmetric surface deformation, and relate them to 
shallow magma storage and slope stability.
Our results indicate that the weak clastic material infilling the 
west-flank collapse scar plays a very minor role in producing 
asymmetric deformation at Tungurahua. Using these new results, 
we conclude that the heterogeneity associated with this sector 
cannot explain the current or past episodes of west-flank infla-
tion. To reproduce the observed deformation, we invert our InSAR 
data and derive a best-fit cigar-shaped source model, located be-
neath the west flank at a depth of ∼2 km asl with a shallow 
dip and oriented approximately east-west, indicating shallow pres-
surisation. This source is inferred to represent a site of shallow, 
short-term, pre-eruptive magma storage, where a temporary volu-
metric imbalance between magma inflow and outflow causes rapid 
pressurisation, deformation (equivalent to ∼48 cm/yr) and seismic-
ity. The storage region is likely exploiting the 3 ka collapse surface 
as a zone of preferential weakness, but the volcano is also likely 
underlain by a vertically-extensive magmatic system.
Using our shallow magmatic source model in a series of tests 
shows that the shear stress along the 3 ka collapse surface in-
creases linearly with pressure (or volume) change, and that these 
stresses have little chance to dissipate owing to the rapid source 
processes taking place. These new findings highlight a factor that 
can contribute to slope instability during future volcanic un-
rest episodes, where greater volumes of magma could be stored 
or transported in this shallow region. The extent to which the 
modelled magmatic source from this study could develop into 
a cryptodome causing flank failure (perhaps similar to the 3 ka 
event) is unknown, and must be considered alongside other dy-
namic priming and triggering factors.
Shallow magma transport and storage are key dynamic pro-
cesses at the heart of hazard assessment and event forecasting 
for eruptive activity and flank collapse. The results of this study 
highlight the importance of monitoring volcanoes with a history of 
J. Hickey et al. / Earth and Planetary Science Letters 534 (2020) 116104 9flank collapse and how this can be incorporated into routine geo-
physical and geodetic volcanic surveillance, and demonstrates the 
efficacy of satellite InSAR for that task.
Declaration of competing interest
The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared to 
influence the work reported in this paper.
Acknowledgements
This work was supported by a Royal Society Research Grant 
(RG170003), the NERC/ESRC thematic programme STREVA grant 
number NE/J020052/1, and the NERC Centre for the Observation 
and Modelling of Earthquakes, Volcanoes and Tectonics (COMET). 
We thank the Instituto Geofísico Escuela Politécnica Nacional for 
their collaboration and provision of data (particularly Santiago 
Aguaiza), and we thank Andrew Bell and Sophie Butcher, of the 
University of Edinburgh, for thoughtful discussions on model re-
sults. We thank Lauren Schaefer and Jean-Philippe Avouac for their 
thoughtful reviews.
Appendix A. Supplementary material
Supplementary material related to this article can be found on-
line at https://doi .org /10 .1016 /j .epsl .2020 .116104.
References
Alvarado, A., Ruiz, M., Mothes, P., Yepes, H., Segovia, M., Vaca, M., Ramos, C., En-
ríquez, W., Ponce, G., Jarrín, P., Aguilar, J., Acero, W., Vaca, S., Singaucho, J.C., 
Pacheco, D., Córdova, A., 2018. Seismic, volcanic, and geodetic networks in 
Ecuador: building capacity for monitoring and research. Seismol. Res. Lett. 89, 
432–439. https://doi .org /10 .1785 /0220170229.
Anderson, K., Segall, P., 2011. Physics-based models of ground deformation and ex-
trusion rate at effusively erupting volcanoes. J. Geophys. Res., Solid Earth 116, 
1–20. https://doi .org /10 .1029 /2010JB007939.
Andújar, J., Martel, C., Pichavant, M., Samaniego, P., Scaillet, B., Molina, I., 2017. 
Structure of the plumbing system at Tungurahua volcano, Ecuador: insights 
from phase equilibrium experiments on July-August 2006 eruption products. J. 
Petrol. 58, 1249–1278. https://doi .org /10 .1093 /petrology /egx054.
Bekaert, D.P.S., Hooper, A., Wright, T.J., 2015a. A spatially variable power law tropo-
spheric correction technique for InSAR data. J. Geophys. Res., Solid Earth 120, 
1345–1356. https://doi .org /10 .1002 /2014JB011558.
Bekaert, D.P.S., Walters, R.J., Wright, T.J., Hooper, A.J., Parker, D.J., 2015b. Statistical 
comparison of InSAR tropospheric correction techniques. Remote Sens. Envi-
ron. 170, 40–47. https://doi .org /10 .1016 /j .rse .2015 .08 .035.
Bell, A.F., Hernandez, S., Gaunt, H.E., Mothes, P., Ruiz, M., Sierra, D., Aguaiza, S., 
2017. The rise and fall of periodic ‘drumbeat’ seismicity at Tungurahua volcano, 
Ecuador. Earth Planet. Sci. Lett. 475, 58–70. https://doi .org /10 .1016 /j .epsl .2017.
07.030.
Bell, A.F., Naylor, M., Hernandez, S., Main, I.G., Gaunt, H.E., Mothes, P., Ruiz, M., 
2018. Volcanic eruption forecasts from accelerating rates of drumbeat long-
period earthquakes. Geophys. Res. Lett. 45, 1339–1348. https://doi .org /10 .1002 /
2017GL076429.
Biggs, J., Mothes, P., Ruiz, M., Amelung, F., Dixon, T.H., Baker, S., Hong, S.H., 2010. 
Stratovolcano growth by co-eruptive intrusion: the 2008 eruption of Tun-
gurahua Ecuador. Geophys. Res. Lett. 37, 2006–2010. https://doi .org /10 .1029 /
2010GL044942.
Cashman, K.V., Sparks, R.S.J., Blundy, J.D., 2017. Vertically extensive and unstable 
magmatic systems: a unified view of igneous processes. Science 80, 355. https://
doi .org /10 .1126 /science .aag3055.
Cayol, V., Catry, T., Michon, L., Chaput, M., Famin, V., Bodart, O., Froger, J.L., Ro-
magnoli, C., 2014. Sheared sheet intrusions as mechanism for lateral flank dis-
placement on basaltic volcanoes: applications to Réunion Island volcanoes. J. 
Geophys. Res., Solid Earth, 7607–7635. https://doi .org /10 .1002 /2013JB010302.
Champenois, J., Pinel, V., Baize, S., Audin, L., Jomard, H., Hooper, A., Alvarado, A., 
Yepes, H., 2014. Large-scale inflation of Tungurahua volcano (Ecuador) revealed 
by Persistent Scatterers SAR interferometry. Geophys. Res. Lett. 41, 5821–5828. 
https://doi .org /10 .1002 /2014GL060956.
Donnadieu, F., Merle, O., Besson, J.C., 2001. Volcanic edifice stability dur-
ing cryptodome intrusion. Bull. Volcanol. 63, 61–72. https://doi .org /10 .1007 /
s004450000122.Druitt, T.H., Costa, F., Deloule, E., Dungan, M., Scaillet, B., 2012. Decadal to monthly 
timescales of magma transfer and reservoir growth at a caldera volcano. Na-
ture 482, 77–80. https://doi .org /10 .1038 /nature10706.
Ebmeier, S.K., Andrews, B.J., Araya, M.C., Arnold, D.W.D., Biggs, J., Cooper, C., Cottrell, 
E., Furtney, M., Hickey, J., Jay, J., Lloyd, R., Parker, A.L., Pritchard, M.E., Robertson, 
E., Venzke, E., Williamson, J.L., 2018. Synthesis of global satellite observations 
of magmatic and volcanic deformation: implications for volcano monitoring & 
the lateral extent of magmatic domains. J. Appl. Volcanol. 7, 2. https://doi .org /
10 .1186 /s13617 -018 -0071 -3.
Ebmeier, S.K., Biggs, J., Mather, T.A., Amelung, F., 2013. On the lack of InSAR observa-
tions of magmatic deformation at Central American volcanoes. J. Geophys. Res., 
Solid Earth 118, 2571–2585. https://doi .org /10 .1002 /jgrb .50195.
Finn, C.A., Sisson, T.W., Deszcz-Pan, M., 2001. Aerogeophysical measurements reveal 
collapse-prone hydrothermally altered zones at Mount Rainier Volcano, Wash-
ington. Nature 409, 600–603. https://doi .org /10 .4133 /1.2922848.
Fournier, T.J., Pritchard, M.E., Riddick, S.N., 2010. Duration, magnitude, and frequency 
of subaerial volcano deformation events: new results from Latin America using 
InSAR and a global synthesis. Geochem. Geophys. Geosyst. 11. https://doi .org /10 .
1029 /2009GC002558.
Grosfils, E.B., 2007. Magma reservoir failure on the terrestrial planets: assessing 
the importance of gravitational loading in simple elastic models. J. Volcanol. 
Geotherm. Res. 166, 47–75. https://doi .org /10 .1016 /j .jvolgeores .2007.06 .007.
Gudmundsson, A., 2011. Rock Fractures in Geological Processes. Cambridge Univer-
sity Press.
Hall, M.L., Robin, C., Beate, B., Mothes, P., Monzier, M., 1999. Tungurahua Volcano, 
Ecuador: structure, eruptive history and hazards. J. Volcanol. Geotherm. Res. 91, 
1–21. https://doi .org /10 .1016 /S0377 -0273(99 )00047 -5.
Heap, M.J., Vinciguerra, S., Meredith, P.G., 2009. The evolution of elastic moduli with 
increasing crack damage during cyclic stressing of a basalt from Mt. Etna vol-
cano. Tectonophysics 471, 153–160. https://doi .org /10 .1016 /j .tecto .2008 .10 .004.
Hickey, J., Gottsmann, J., 2014. Benchmarking and developing numerical Finite Ele-
ment models of volcanic deformation. J. Volcanol. Geotherm. Res. 280, 126–130.
Hickey, J., Gottsmann, J., Del Potro, R., 2013. The large-scale surface uplift in 
the Altiplano-Puna region of Bolivia: a parametric study of source character-
istics and crustal rheology using finite element analysis. Geochem. Geophys. 
Geosyst. 14. https://doi .org /10 .1002 /ggge .20057.
Hickey, J., Gottsmann, J., Mothes, P., Odbert, H., Prutkin, I., Vajda, P., 2017. The ups 
and downs of volcanic unrest: insights from integrated geodesy and numerical 
modelling. In: Advances in Volcanology. Springer.
Hickey, J., Gottsmann, J., Nakamichi, H., Iguchi, M., 2016. Thermomechanical controls 
on magma supply and volcanic deformation: application to Aira caldera, Japan. 
Sci. Rep. 6, 32691. https://doi .org /10 .1038 /srep32691.
Hidalgo, S., Battaglia, J., Arellano, S., Steele, A., Bernard, B., Bourquin, J., Galle, B., 
Arrais, S., Vásconez, F., 2015. SO2 degassing at Tungurahua volcano (Ecuador) 
between 2007 and 2013: transition from continuous to episodic activity. J. 
Volcanol. Geotherm. Res. 298, 1–14. https://doi .org /10 .1016 /j .jvolgeores .2015 .03 .
022.
Lloyd, R., Biggs, J., Wilks, M., Nowacki, A., Kendall, J.M., Ayele, A., Lewi, E., Eysteins-
son, H., 2018. Evidence for cross rift structural controls on deformation and 
seismicity at a continental rift caldera. Earth Planet. Sci. Lett. 487, 190–200. 
https://doi .org /10 .1016 /j .epsl .2018 .01.037.
Marsden, L.H., Neuberg, J.W., Thomas, M.E., Mothes, P.A., Ruiz, M.C., 2019. Combin-
ing Magma flow and deformation modeling to explain observed changes in tilt. 
Front. Earth Sci. 7, 1–14. https://doi .org /10 .3389 /feart .2019 .00219.
Masterlark, T., 2007. Magma intrusion and deformation predictions: sensitivities to 
the Mogi assumptions. J. Geophys. Res., Solid Earth 112, 1–17. https://doi .org /
10 .1029 /2006JB004860.
McCormick Kilbride, B., Edmonds, M., Biggs, J., 2016. Observing eruptions of gas-
rich compressible magmas from space. Nat. Commun. 7, 13744. https://doi .org /
10 .1038 /ncomms13744.
Molina, I., Kumagai, H., Le Pennec, J.L., Hall, M., 2005. Three-dimensional P-wave ve-
locity structure of Tungurahua Volcano, Ecuador. J. Volcanol. Geotherm. Res. 147, 
144–156. https://doi .org /10 .1016 /j .jvolgeores .2005 .03 .011.
Molina, I., Kumagai, H., Yepes, H., 2004. Resonances of a volcanic conduit triggered 
by repetitive injections of an ash-laden gas. Geophys. Res. Lett. 31, 2–5. https://
doi .org /10 .1029 /2003GL018934.
Morales-Rivera, A.M., Amelung, F., Mothes, P., 2016. Volcano deformation sur-
vey over the Northern and Central Andes with ALOS InSAR time series. 
Geochem. Geophys. Geosyst. 17, 2869–2883. https://doi .org /10 .1080 /01621459 .
1988 .10478717.
Mothes, P.A., Yepes, H.A., Hall, M.L., Ramón, P.A., Steele, A.L., Ruiz, M.C., 2015. The 
scientific–community interface over the fifteen-year eruptive episode of Tungu-
rahua Volcano, Ecuador. J. Appl. Volcanol. 4, 9. https://doi .org /10 .1186 /s13617 -
015 -0025 -y.
Muller, C., Biggs, J., Ebmeier, S.K., Mothes, P., Palacios, P.B., Jarrin, P., Edmonds, M., 
Ruiz, M., 2018. Temporal evolution of the magmatic system at Tungurahua 
Volcano, Ecuador, detected by geodetic observations. J. Volcanol. Geotherm. 
Res. 368, 63–72. https://doi .org /10 .1016 /J .JVOLGEORES .2018 .11.004.
Myers, M.L., Geist, D.J., Rowe, M.C., Harpp, K.S., Wallace, P.J., Dufek, J., 2014. Re-
plenishment of volatile-rich mafic magma into a degassed chamber drives 
10 J. Hickey et al. / Earth and Planetary Science Letters 534 (2020) 116104mixing and eruption of Tungurahua volcano. Bull. Volcanol. 76, 1–17. https://
doi .org /10 .1007 /s00445 -014 -0872 -0.
Neuberg, J.W., Collinson, A.S.D., Mothes, P.A., Ruiz, M.C., Aguaiza, S., 2018. Under-
standing cyclic seismicity and ground deformation patterns at volcanoes: in-
triguing lessons from Tungurahua volcano, Ecuador. Earth Planet. Sci. Lett. 482, 
193–200. https://doi .org /10 .1016 /j .epsl .2017.10 .050.
Palacios, P., Kendall, J.-M., Mader, H., 2015. Site effect determination using seis-
mic noise from Tungurahua volcano (Ecuador): implications for seismo-acoustic 
analysis. Geophys. J. Int. 201, 1084–1100. https://doi .org /10 .1093 /gji /ggv071.
Rosen, P.A., Gurrola, E., Sacco, G.F., Zebker, H., 2012. The InSAR scientific comput-
ing environment. In: Proceedings of the 9th European Conference on Synthetic 
Aperture Radar. Nuremberg, Germany.
Samaniego, P., Le Pennec, J.L., Robin, C., Hidalgo, S., 2011. Petrological analysis of 
the pre-eruptive magmatic process prior to the 2006 explosive eruptions at 
Tungurahua volcano (Ecuador). J. Volcanol. Geotherm. Res. 199, 69–84. https://
doi .org /10 .1016 /j .jvolgeores .2010 .10 .010.
Schaefer, L.N., Oommen, T., Corazzato, C., Tibaldi, A., Escobar-Wolf, R., Rose, W.I., 
2013. An integrated field-numerical approach to assess slope stability hazards at 
volcanoes: the example of Pacaya, Guatemala. Bull. Volcanol. 75, 1–18. https://
doi .org /10 .1007 /s00445 -013 -0720 -7.
Schaefer, L.N., Wang, T., Escobar-Wolf, R., Oommen, T., Lu, Z., Kim, J., Lundgren, 
P.R., Waite, G.P., 2017. Three-dimensional displacements of a large volcano flank 
movement during the May 2010 eruptions at Pacaya Volcano, Guatemala. Geo-
phys. Res. Lett. 44, 135–142. https://doi .org /10 .1002 /2016GL071402.
Siebert, L., 1984. Large volcanic debris avalanches: characteristics of source areas, 
deposits, and associated eruptions. J. Volcanol. Geotherm. Res. 22, 163–197. 
https://doi .org /10 .1016 /0377 -0273(84 )90002 -7.
Sigmundsson, F., Hooper, A., Hreinsdóttir, S., Vogfjörd, K.S., Ófeigsson, B.G., Heimis-
son, E.R., Dumont, S., Parks, M., Spaans, K., Gudmundsson, G.B., Drouin, V., 
Árnadóttir, T., Jónsdóttir, K., Gudmundsson, M.T., Högnadóttir, T., Fridriksdóttir, 
H.M., Hensch, M., Einarsson, P., Magnússon, E., Samsonov, S., Brandsdóttir, B., 
White, R.S., Ágústsdóttir, T., Greenfield, T., Green, R.G., Hjartardóttir, Á.R., Ped-
ersen, R., Bennett, R.A., Geirsson, H., La Femina, P.C., Björnsson, H., Pálsson, F., 
Sturkell, E., Bean, C.J., Möllhoff, M., Braiden, A.K., Eibl, E.P.S., 2014. Segmented 
lateral dyke growth in a rifting event at Bárðarbunga volcanic system, Iceland. 
Nature 517, 15. https://doi .org /10 .1038 /nature14111.
Sparks, R.S.J., Cashman, K.V., 2017. Dynamic magma systems: implications for 
forecasting volcanic activity. Elements 13, 35–40. https://doi .org /10 .2113 /
gselements .13 .1.35.
Tibaldi, A., 1996. Mutual influence of dyking and collapses at Stromboli volcano, 
Italy. Geol. Soc. (Lond.) Spec. Publ. 110, 55–63. https://doi .org /10 .1144 /GSL .SP.
1996 .110 .01.04.
Tridon, M., Cayol, V., Froger, J.L., Augier, A., Bachelery, P., 2016. Inversion of coeval 
shear and normal stress of Piton de la Fournaise flank displacement. J. Geophys. 
Res., Solid Earth 121. https://doi .org /10 .1002 /2016JB013070.
van Wyk de Vries, B., Delcamp, A., 2015. Volcanic Debris Avalanches, Landslide Haz-
ards, Risks, and Disasters. Elsevier Inc.
Werner, C., Wegmüller, U., Strozzi, T., Wiesmann, A., 2000. GAMMA SAR and in-
terferometric processing software. In: ERS - ENVISAT Symposium. Gothenburg, 
Sweden.
Wright, T.J., Parsons, B.E., Lu, Z., 2004. Toward mapping surface deformation in three 
dimensions using InSAR. Geophys. Res. Lett. 31, 1–5. https://doi .org /10 .1029 /
2003GL018827.
